This work proposes a teleoperation architecture for mobile robots in partially unknown environments under the presence of variable time delay. The system is provided with artificial intelligence represented by a probabilistic path planner that, in combination with a prediction module, assists the operator while guaranteeing a collision-free motion. For this purpose, a certain level of autonomy is given to the system. The structure was tested in indoor environments for different kinds of operators. A maximum time delay of 2 s was successfully coped with.
Introduction
There is an increasing interest on assistance techniques for the human operator of a mobile robot teleoperation system in order to improve the quality of service in terms of stability and reliability as well as execution time and comfort for the operator. While the opposite branch to teleoperation, i.e., autonomy, aims at releasing the human from the workload of continuously acting onto the navigation system, it is not always possible to keep the human operator out of the control loop (control system). One essential reason for this is the fact that the human possesses decisionmaking, reasoning, and judgment skills that are beyond the limits of current computing systems. In a teleoperation system, the human operator can be regarded as belonging to a supervisory level; in such a system, the teleoperated robot must follow motion commands directly or indirectly sent by the operator. Since the human operator is one of the most relevant elements in a teleoperation system, special attention is paid to providing him/her with enhanced information in order to give him/her a sense of immersion (characterized by transparency), while releasing him/her from stress. It has been shown that cognitive stress, especially present in long-time teleoperation, can dramatically affect the performance of the human operator 27 and also the quality of teleoperation tasks. Additionally, the presence of time delay in the communication channel is a crucial factor that * Corresponding author. E-mail: nieto@rts.uni-hannover.de brings along complications when performing teleoperation tasks. Examples of such complications are detriment of stability, transparency loss, and collision risk between robot and obstacles in the environment.
Various strategies used in teleoperation of manipulators, 10 such as wave variables, 3, 18 teleprogramming, 8, 9 supervisory control, 5, 22 as well as predictive display, 4, 12 control based on transparency 16 and remote impedance control, 13, 21 could be used in teleoperation of mobile robots. Nevertheless, few papers show a stability analysis and experiments with time delay, as in Elhajj et al., 6 where the transmission of commands and force feedback is discontinuous, while the bandwidth of the force perceived by the user is limited by the magnitude of the time delay, or Lee et al., 17 where only constant delay is considered, or Slawiñski et al., 24 where the delayed command generated by the human operator is compensated by using a model of the human reaction, or Slawiñski and Mut, 26 where augmented reality is used. In the last two cases, it is assumed that the global goal is known a priori. The problems mentioned above motivate the design of new control schemes to improve the performance of teleoperation systems for mobile robots in the presence of time delay in order to increase its application in industry, service, office, and home. The authors point out that, as far as they know, the application of a "user-friendly" pathplanning module to mobile robot teleoperation is a novel approach. Usually, path planning is used for autonomous systems and not simultaneously with a human operator as assistance module.
In the present work, special attention is paid to the safety of the teleoperated system in terms of collision with the obstacles in the environment while attaining the common objective of achieving a trade-off between perception and stability when considering an a priori unknown global goal (which is a typical situation in exploration and reconnaissance tasks). The main point in this paper is that in a time-delayed teleoperation system, the feedback information received by the operator at a given time instant is generally delayed due to the communication channel between the operator station and the teleoperated system. The motion of the robot is determined by some desired path dynamically defined by the operator (and therefore, a priori unknown), according to the feedback information received and therefore a product of the complex decision processes in the human brain. For this reason, some compensation of this information is required that helps ensuring the system's safety, especially concerning collision avoidance.
One interesting aspect of the present work is the premise that the teleoperation system should assist the human operation while giving him/her the feeling of having the total control of the system. This is mainly supported on the fact that the sensor information is up to date for the remote site whereas it becomes outdated (and probably contaminated with additional noise) when it arrives at the local site. That is why, the authors propose a solution to assist the operator by means of path planning in combination with prediction techniques. Since path planning is a task that requires preprocessing and computation time, the authors chose a strategy that allows to quickly find collision-free paths (at the expenses of losing optimality). Sampling-based probabilistic path-planning algorithms fulfill this requirement: they sample the configuration space and capture its connectivity instead of explicitly calculating it. Thus, one or more collision-free paths can be calculated in a fast way. Though probabilistic path planners are not complete, their strength lies on their speed even in complex high-dimensional spaces. Probabilistic Roadmaps (PRMs) 11 were developed to work without any structural information of the configuration space. They sample the configuration space at random and build a connectivity map from which the path with the shortest length is given as solution. On the other side, rapidly exploring random trees (RRTs) 14, 15 are tree-like structures capable to quickly expand over the free space, thus capturing its connectivity while finding a straightforward solution, which is advantageous when compared to PRMs. In Nieto et al., 19 the authors developed an enhanced RRT-planner that allows a certain degree of optimality by generating several candidate solutions paths at once and choosing the most suitable according to a given optimality criterion. Later, in Nieto et al., 20 the authors presented a first version of a teleoperation architecture that incorporated path-planning techniques to assist the operator. On this occasion, such work is taken as start point. In the present paper, modifications to the expansion and to the path-selection processes are proposed and some of the parameters of the path planner are updated online (in the previous work, those parameters were constant). This paper also explores the operator side of the modified teleoperation architecture and includes more complex experiments to demonstrate the capabilities of the system, to analyze the behavior of the system when considering various operators, and to compare the system performance when using or not the variable sampling of commands.
The paper is organized as follows: Section 2 presents the statement of the control problem. In Section 3, the control scheme for delayed teleoperation of mobile robots is described in detail. Section 4 shows the experimental results. Finally, the conclusions of this paper are given in Section 5.
Problem Description
The system under analysis in this paper is given by a teleoperation system for mobile robots in indoor environments in the presence of time delay (nevertheless, the analysis can be extended to telemanipulation). The
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Remote environment is considered to be partially unknown and fraught with obstacles. A reliable localization and orientation is assumed and the loss of information due to communication errors is not considered; these are not subject of study in the present paper. In a general teleoperation system ( Fig. 1) , two main locations are considered: the control station, where the human operator is located, and the remote environment, in which the robot moves. The control station is usually considered as the local site whereas the site where the teleoperated system is located is called the remote site. At the local site, the human operator uses an interface device to send motion commands that the robot at the remote site must follow. At the same time, the operator receives feedback information from the teleoperated system by means of a visual interface; thus, the control loop is closed. A communication channel connects both sites making the bidirectional signal flow possible.
The term remote usually involves a large physical distance between both sites; this is, however, not always the case. In robot-aided surgery, for example, surgeon and robot can be in the same room. In the special case of mobile robots, a typical example is found on rescue operations with teleoperated bots, where the operator can be next to or far from the robot. In either case, whether separated miles away or just a few centimeters, there exists the possibility of time delay due to communication. Factors like distance, quality of the communication channel, and load on the data transport are responsible for this, even the human operator brings along inherent transport delays. In teleoperation, two main delays are considered: one implied in the data flow from the local to the remote site, known as forward time delay, and other in the opposite direction, called backward time delay. The operator interacts directly with a hardware that translates actions in electrical signals for their transmission to the remote site. In telemanipulation, joysticks are a suitable choice while in mobile robot teleoperation the use of steering wheel plus pedal system is more natural for the operator.
The information being fed back to the operator results from the continuous interaction between the robot and its environment, this information can be purely numerical, graphical, or sensorial, e.g., haptic feedback (aspects regarding the right presentation of this information to the operator are beyond the scope of this work). The main subject of this work is the study of a method for reducing the negative effects of time delay, such as inaccuracy and risk of collision (and potential damage to the equipment or failure in the execution of the task). The situation worsens when the time delay varies in time. In general terms, the objective of the control system is to cooperate with the human operator to keep the system stable by providing him/her with a good perception of the task while ensuring a collision-free motion.
Local site
A model for the human operator could have been used, but the cognitive processes are hard to model, hence the authors decided (just like in similar works) to consider him/her as a black box in which decisions are made based on external information. When teleoperating a robotic system, the human operator receives this information about the remote environment in the form of sensorial stimuli such as images, tactile feedback, and numeric displays. Inside the brain, several cognitive processes 27 occur based on this information, leading him/her to take decisions that are expressed physically as manipulation actions on the human interface device (HID). This in turn transforms physical actions into electrical signals that can be transmitted through the communication channel toward the remote site.
The remote system interacts with its environment generating new feedback information that is sent back to the operator, thus closing the loop. The authors regard the local site from the point of view of signal conversion (Fig. 2) . First, information about the state of the remote system and its environment travels in the form of electrical signals through the communication channel (cable, internet, radio frequency, etc.) and reaches the local site. These signals are converted to human readable information and presented to the human operator in the form of pictures, displayed numbers, sounds, etc. by means of a graphical or haptic interface. Since this information stimulates the sense organs, it is referred to as sensory stimuli. On the other hand, the sense organs convert these sensory stimuli into electrochemical signals that are transmitted via the nervous system to the brain, where cognitive processes like signal filtering, processing, recognition, and decision occur. Once a decision is taken, the human operator executes an action: commands are sent in the form of electrochemical pulses through the nerves toward the muscular system, where an electrical impulse is converted into a mechanical action. This occurs in form of a contact force applied to the HID, which will, in turn, convert the mechanical forces into electrical signals that will be sent back to the remote site as motion commands. Accordingly to the aforementioned representation, it is obvious that there are several internal communication channels (represented by connecting arrows between the blocks in Fig. 2 ). Although inherent transport delays exist therein, these are disregarded in the present work, which considers only the communication delay between local and remote site.
Remote site
The mobile robot model employed in the present work was presented in Aicardi et al., 2 in which polar coordinates are used to describe the robot's pose. The robot with orientation θ is considered as located at a nonzero distance from a reference frame <ref>. This frame is on its turn located at the desired robot position x ref (regardless of its desired final orientation). There is also a mobile frame <robot> attached to the robot. The variables chosen to define the state of the robot are the distance error ρ and the angular error α (the desired final orientation is not considered). Both errors are measured between the frames <ref> and <robot> (Fig. 3) . The system is then described by the kinematic equation system (1), which considers a fixed reference frame, for example, a desired position/orientation ρ = −v cos α,
where ν and ω are the linear and angular velocity of the mobile robot, respectively. The constant η has been added to avoid division by zero and has a very small, positive value
State of a mobile robot described in polar coordinates with respect to the reference frame <ref>.
(which can, in turn, cause a small precision loss in the position control).
Since only indoors are analyzed in this work, the environment's representation can be simplified, particularly in case two-dimensional sensors are applied. When using a roof-mounted camera, for example, the environment can be represented by the image plane; when using a laser scanner, it can be represented by a gridmap or a plane. The obstacles in the configuration space can be represented either by polygons, circles, or points (in the case of laser scanners). In this work, only one two-dimensional laser scanner is used as environment capture sensor, so the obstacles can be ideally represented by scan points or, when considering the inaccuracy due to the leaser beam expansion with the distance, by circles, whose radii proportionally increase with their distance to the robot.
At the local site, the human operator (which is not modeled here) manipulates a HID to generate and issue motion commands in the form of linear and rotational velocity commands that are sent as set points to the remote site.
Communication channel
The signal flow occurs through the bidirectional communication channel. This can be represented by the sum h(t) of a forward (from the local site to the remote site) time delay h 1 (t) and a backward (from the local site to the remote site) time delay h 2 (t) as in Eq. (2) 
In real applications, the communication delay can be varying in time. For this reason, a dependency with t is explicitly expressed here.
Proposed Control Scheme for Teleoperation of a Mobile Robot in the Presence of Time-Varying Delay
The authors assume an a priori unknown global goal. This is the case in many typical applications like exploration, for example, where the main objective is to perform reconnaissance of the terrain itself and not just to go from a given point A to a destination point B. In fact, inside the operator's head there is a mental subgoal that mirrors his/her decision, which can change dynamically according to changes in the information about the environment. The idea is to estimate this decision by means of prediction techniques in order to reduce the effects of time delay. It is assumed that the human operator defines directly or indirectly the desired trajectory described by the mobile reference frame <ref>. The objective of the present work is to design a stable control scheme that assists the human operator by calculating the control actions v and ω based on the commands issued by him so that the robot at the remote site can follow them safely despite the time delay. The operator's commands are modified by the system (if necessary) to guarantee a collision-free motion.
The proposed control scheme is implemented at the remote site, so no special modifications to the conventional local station are needed. At the remote site, the human decision is estimated by means of prediction techniques and represented as a position reference. The reference is sampled and held in order to keep it stable and then passed to a motion planner; this idea was inspired by the well-known technique move-and-wait. 23 The motion planner calculates a semioptimal collision-free path from the robot's current position to the desired one; it also guides the robot to the objective along the nodes of the chosen path by means of a stable position controller. The calculated path is semioptimal in the sense that instead of a single solution, a set of candidate solutions is calculated and, according to an optimality criterion, the best one is chosen. Since the motion planner has the direct control of the robot but the human operator gives the changing subgoal continuously, it can be stated that this is a case of partial autonomy. On the other hand, since the operator continuously controls the desired position and therefore the high-level guidance of the overall system, the system is still considered being teleoperated. The reason for using of a motion planner on the remote site of a delayed teleoperation system and not in the operator station is that the sensory information is local to the teleoperated system. Therefore, changes in the environment are detected first by the measuring system at the remote site and later by the local site (after a delay time imposed by the communication between both sites). On the other hand, human intelligence and decision-making skills are incorporated in the system and kept at a supervisory level with the objective of achieving a synergy between human and machine. The proposed teleoperation system is depicted in Fig. 4 . The information associated to the obstacles detected by the system is represented by O. Next, each subsystem of the proposed control scheme is described in detail.
Motion controller
In order to guarantee a stable behavior of the mobile robot during its motion, a control system designed on the basis of Lyapunov's stability theory is used. The motion controller was previously presented by the authors 25 and consists of a nonlinear position controller and an impedance controller. The impedance controller is based on the artificial generation of a fictitious force depending on the distance to the obstacles. The authors use this fictitious force to keep the robot away from the obstacles as a (redundant) collision-avoidance module in addition to the path planner. Figure 5 shows 
Cartesian-to-polar conversion.
According to the Eq. (1), the system is given in polar coordinates. Since the reference and position frames are defined in Cartesian coordinates, an appropriate coordinate transformation module is needed. The conversion is computed as follows:
where subscripts 1 and 2 are used to denote the components of x ref in Cartesian coordinates and θ was defined in Fig. 1 as the orientation of the robot. For the sake of simplicity, the desired final orientation angle is assumed zero and so the orientation of x ref will also be zero. T . The controller establishes the velocity vector u of the mobile robot making the motion of the robot exponentially stable to achieve a given position goal. 24 3.1.3. Impedance controller. As a redundant safety module, an impedance controller 28 based on fictitious force was used in the control system. While in teleoperation of robot manipulators, a force results from the physical contact between the robot and the obstacles, in the case of mobile robot teleoperation, a repulsive fictitious force is defined that depends on the distance between the robot and the obstacles. The magnitude of the repulsive fictitious force f generated by an obstacle can be defined as
where k 3 , k 4 are positive constants such that k 3 − k 4 r max = 0 and k 3 − k 4 r min = 1. The distance from the robot to the obstacle is denoted by r, which satisfies r min ≤ r ≤ r max , with r min and r max the minimum and maximum robot-obstacle distances, respectively. These define the area where the force acts. The magnitude of f(t) is scaled to the interval [0,1] so that its value can be amplified by the impedance controller.
On the other hand, the angle of the fictitious force φ is defined as the orientation of the obstacle with respect to the mobile robot (Fig. 6) . The tangential fictitious force and the normal fictitious force are calculated as f t = f cosφ and f r = f sinφ, respectively. When multiple obstacles are present, a total force is calculated by summing up all force vectors or using a Kalman filter.
The impedance model is defined as
where f e = [f t f r ] T and K ρ , K α > 0, which describe the elasticity parameters, f t is the fictitious force on the robot motion direction, and f r is the fictitious force on the normal direction to the robot motion.
When the mobile robot navigates interacting with the environment, the state is defined as
where withρ ≥ 0 and ρ, α are error signals with regard to a time-varying position reference, in this case <xref> (see Fig. 6 ).
Predictor
Since in a teleoperation system the motion commands from the human operator can be delayed by the communication channel, the reaction of the robot to these commands can also delayed, which can affect the transparency of the system. Therefore, the authors proposed in a previous work 20 to use a predictor that estimates where the human wants the robot to move to h 2 seconds ahead. This implies that the prediction horizon is determined by the time delay. This estimation the authors called the human decision is denoted
T . On that model, the estimation is based on the current robot's position and velocity, the delayed velocity command, and the forward time delay. The prediction horizon is limited by using a smooth function, like tanh, which is necessary for boundedness and stability of the system. The estimation is given in Cartesian coordinates so that it can be passed directly to the path planner as the current goal. The estimation of the orientation is compensated by using the difference between the current angular velocity of the mobile robot and the angular velocity that was received as feedback by the operator at the moment of sending the velocity command ω(t − h). The equation set describing the predictor is given bŷ
where [ v h (t) ω h (t) ]
T represents the velocity command given by the human operator (with v h (t) linear velocity and ω h (t) angular velocity) and the vector x r (t) = [x r (t) y r (t) θ r (t) ] T represents the current position and orientation of the mobile robot in Cartesian coordinates. Furthermore, the bounded gain functions G v and G ω are given by G v = k 1 tanh((h 2 + h 0 )/k 1 ) and G ω = k 2 tanh((h 2 + h 0 )/k 2 ), respectively, with k 1 , k 2 > 0; they ensure the boundedness ofx p notwithstanding the magnitude of the time delay. The factor ω = 1 − k ω |ω(t) − ω(t − h − h 0 )| helps to compensate the prediction of the orientation, where k ω > 0 is chosen so that ω is confined to the interval (0, 1]. The compensation is necessary because of the mismatch between the information the operator uses to send a given motion command and the actual information generated at the remote site at that moment. The factor represents the difference between the current situation of the teleoperated robot regarding its angular velocity and the situation being perceived by the operator at the time instant where he/she issued a motion command. This difference is weighted so that it does not modify the sign of the velocity command but rather its magnitude, thus making this more appropriate to the real situation at the remote site. The term ω confers more reliability to the prediction of the angular position θ by using ω h , which was generated by the operator. If a strong change occurs in θ after h 2 + h 0 time units, the reliability of the prediction is reduced, since the information the operator used to generate the command has changed notably and therefore, it is better to keep the predicted value as constant. On the other side, if the change in ω can be neglected, the reliability of ω h increases and so does the quality of the prediction.
The total current time delay h was defined in Eq. (2). In order to avoid a null prediction horizon due to a zero time delay, the term h 0 is added so that the prediction falls in a position different to that of the robot. Otherwise, <rob> and <ref> would be the same with zero delay and the robot would not move. If we assume thatv h andω h are bounded, then from Eq. (3),ẋ p is bounded too. Ifẋ p were taken as the reference of the local controller,Ṡ ρ andṠ α would be calculated by projecting it onto the vector ρ and its perpendicular direction, respectively, to be used in Eq. (1). Instead, the prediction is fed to the path-planning module in order to guarantee collision-free motion.
Enhanced path planning
In the proposed teleoperation system, the motion of the robot is guided by an estimation of the operator's desired position. Because of the presence of time delay, the quality of this estimation cannot be guaranteed. In fact, it degrades with the increasing of the time delay's instant value. Moreover, since the commands from the operator are based on outdated (delayed) information about the remote site, the desired position (or its estimation) can fall in the obstacle space of the environment. For these reasons, instead of passing the desired position as reference to the motion controller, a reference is generated based on a path calculated by a path planner. The planner permits a collision-free motion of the robot from its actual position to the desired one, since every node in the resulting paths belongs to collision-free. On the other side, the operator acts as a supervisor by indirectly setting waypoints on the motion space while the system actively supports him/her in the execution of the teleoperation task.
The chosen sampling-based path planner is an enhanced RRT. 19 Because of its properties, an RRT is adequate for the purposes of this work. At the first run, the algorithm generates a solution set (the solution fan) that goes from the start position to a goal position. If this goal position is not reachable, the paths end as close as possible to it. Hereupon, the path that is most correlated to a straight path between start and goal is chosen, which results in less curvy paths. In the subsequent replanning, a correlation to the previously chosen path is also taken into account, which helps the paths to maintain a certain direction and to avoid oscillations. For this purpose, the two correlation values are weighted and added together in order to obtain a total correlation value. Again, the path with highest correlation is chosen. The chosen path is then output for its further processing in a motion controller. In the present work, the authors propose the inclusion of some improvements to the previous algorithm. First, the inclusion of a waypoint cache, 7 that is, some random points from the previously selected path are used in the generation of the next one, and second, the online adjustment of the weights that determine the total correlation. Next, the process is described including formal notation.
Initialization.
The current robot position x r is set as the start node and the human decisionx p as the goal. The RRT is initialized with the start node as root. The waypoint cache is initialized as the empty set.
Generation of the human proposal.
The authors refer to the straight one-segment path defined by the edge <x r ,x p > as the human proposal. According to the nature ofx p , the human proposal is not necessarily collision-free; it is only used as a reference the path-selection process to achieve solution paths with predominant straight segments.
Generation of the solution set.
The RRT-planner generates the solution fan, by iterating N k times. The solution fan, denoted by k , consists of N k collision-free paths π i,k , each of which represented by a list of M i,k two-dimensional points (in this case, the orientation is disregarded and the robot considered as a circle). As additional feature in this work, after the path is selected, some points are selected at random and stored in a waypoint cache. In the subsequent replanning, these points are used in the expansion process. Usually, the algorithm chooses randomly between the goal and a random position of the motion space a target node toward the tree is expanded. When using the waypoint cache, one point of the cache (also selected at random) is considered in the selection of the target node. To each target selection criterion, a probability is assigned so that p goal + p rand + p wayp = 1.0.
The idea behind the waypoint cache is that the next generated paths be attracted toward previously found paths. It can be interpreted as a kind of memory that stores a trace of successful solutions.
Selection of the best matching path.
The criterion for the selection of one path among the N k solutions is the combined value c T of two independently calculated correlations. The chosen path π * k is the one with the highest c T . Both correlations are calculated as the absolute value of the weighted Pearson coefficient. 1 The weights are chosen so that more relevance is given to the nodes nearest to the start node. Let c H,i,k and c L,i,k be the correlation with the human proposal and the correlation with the last chosen path, respectively, at the instant k. Then, the combination is defined as
where K H,k ∈ R ∩ [0, 1] is a variable gain that gives more or less significance to the human proposal. To simplify the notation, the index k will be dropped out. If a small value is assigned to K H , the subsequent paths will keep one direction, which will result in a motion with such biasing that the operator will barely be able to make the robot turn. On the other side, a value near one can lead to oscillations; thus, K H establishes a tradeoff between transparency and stability. In the present work, the parameter K H is adjusted online to improve the performance of the system. More precisely, the value will be set proportionally to the total time delay h k Fig. 7 . Example solution set generated by the extended RRT.
with K H max , K H min the desired values for K H corresponding to the expected maximum (h 2 max ) and minimum (h 2 min ) values of h.
The solution fan and the chosen path for a typical complete run of the planner at some instant k are shown in Fig. 7 . The human proposal and the last chosen path are also included for the sake of illustration.
Update of the waypoint cache.
After the best path is calculated, some of its nodes are chosen at random and stored in the waypoint cache. The number of nodes can also be randomly chosen based on the length of the chosen path.
Augmented reference.
The chosen path at the current instant k has M * k collision-free nodes starting at the mobile robot position and ending as close as possible to the goal region centered inx p . In the time slots between successive executions of the planner, a motion controller steers the robot along the chosen path. For this, each node x π * i,k is passed successively to the stable controller, which is capable of driving the mobile robot to reach a vicinity of the current node rapidly. Then, the current node (goal) is changed by the next node of the chosen path. The components of x π * i,k define the position of the reference frame <ref>. In Fig. 4, x Those nodes already traveled are disregarded in the updating of the waypoint cache.
Sampling of the human decision
The main problem with time delay due to communication is the accumulation of commands. In the presence of time delay, as long as the operator does not receive the sensory feedback from the remote site he/she keeps acting on the HID until a reaction of the robot can be perceived. By that time, the motion commands have been accumulated due to the forward delay so that when these reach the remote site, the robot performs an abrupt motion but, because of the backward delay, this behavior cannot be noticed in due time so that the operator cannot react to correct this but instead keeps teleoperating. By the time the operator discovers the wrong behavior it is too late. The problem can go on in a vicious circle and so degrading the systems stability and risking the systems safety. To cope with this problem, Sheridan proposed the well-known strategy move-and-wait. When using that strategy, the operator performs a short-duration motion, then he/she stops sending commands and waits until reaction from the system is noticed to send the next command. The disadvantage of this strategy is its negative influence on the quality of the teleoperation because the operator has either to drive the robot slowly or to send repeatedly stop commands. The proposed scheme samples and holds the estimated human decision with a variable sampling time that is set proportional to the instant value of the total time delay. The sampling is defined byx p (kt s ) =x p ς(t − kt s ) with k = 0, 1, 2, 3, . . . ., ς representing a Dyrac delta-function. The proposal establishes t s := k s h + h 0 , where k s > 0 and h 0 > 0 are set empirically.
This sampling and hold emulates a move-and-wait strategy but performs internally the work so that the operator does not have to explicitly send additional stop commands, which, in turn, guarantees a fluent motion of the mobile robot.
Remark: Let us assume that the human operator behaves like a bounded-input bounded-output system. On the other hand, the closed loop including the robot and motion controller is exponentially stable. Considering both features, the prediction module also has a bounded output. In addition, the augmented path planner generates a collision-free path pushing reference points to the stable motion controller in a discrete way as the robot achieves a vicinity of the current reference point of the path. Therefore, the proposed teleoperation system has input-output stability. This analysis does not assure some convergence-type of the system to the user's intentions (the goal is unknown a priori) neither some performance level. Therefore, an experimental analysis will be used to test the proposed control scheme.
Experiments and Results
In order to validate the theoretical performance of the proposed system, some experiments where carried out in an indoor environment. The authors used a Pioneer 3DX mobile robot (www.activmedia.com) with a mounted SICK LMS200 laser scanner. The scanner has a visibility of 180 An auxiliary triangle function was defined to facilitate the notation for the time-delay signals used. From now on, the function D(·), given by Eq. (11) will describe a triangle function in terms of its amplitude A and its slope m (rising equals falling). The function is given by
where the periodical signal f triangle is defined as
In the first experiment, the objective was to show the influence of the time delay on the performance of the proposed system. The human operator had to remotely drive the robot from the start position at (0,0) to the circular goal region centered at Start/goal Collision Fig. 9 . Trajectories followed by the robot during experiment two. While operating directly (without assistance) the robot collided at three positions (marked with ovals) whereas when using assisted teleoperation no collisions occurred.
to enter the corridor region between obstacles O1 and O2 and a second turn to the left in order to reach the goal region. The experiment was repeated four times for different time delays, using the proposed control scheme in all cases. The maximum total delay was 2 s and the waveforms for the time delay were chosen so that no abrupt changes in the signals were present.
In a second experiment using the same setup as in the first one, the operator had to drive the robot in a closed loop starting and ending at (5,0) and passing between obstacles O1 and O2. In the first part of this experiment, the system was teleoperated directly and in the second part, the proposed assistance system was used. In both cases, a constant forward delay of 0.5 s and a variable backward delay of D(1,0.25) s were used. Figure 9 shows the trajectories followed by the robot in both cases.
As it can be seen in the figure, by using the assisted scheme, the task could be successfully executed with no collisions. In the case of direct teleoperation, the robot collided approximately at positions (2.8, −1.25), (2.7, 0.5), and (2.65, 0.75).
In a more complex experiment, a maze-like environment was used. Figure 10 shows the two-dimensional map built online and the trajectories followed by the robot teleoperated by a user. The forward communication delay was 0.4 s and the backward delay was 0.3 s, both constant. In the first phase of this experiment, the robot was teleoperated directly, while in the second phase, the operator used the proposed assisted teleoperation system. It can be observed that in the first phase of the experiment a poor performance was reached; moreover, the robot collided with the walls approximately at positions (1.0, 1.5) and (3, 1.5), marked with ovals. At the latter position, the operator even had to drive backward to correct the trajectory. With the assisted teleoperation, no collisions happened and a smoother continuous motion was achieved. Figure 11 shows the velocity profiles for the teleoperated robot. It can be observed that approximately at the time instants 65 s and 80 s, the operator using direct teleoperation was forced to drive backward after collisions with the walls of the environment. Furthermore, the velocity profiles show how the assisted teleoperation adapted the robot's velocity to better dominate the turns. In general, the assisted teleoperation required less angular velocity because the system was aware of the obstacles' position. This also remarks the importance of using path planning to assist the operator.
Next, a series of teleoperation experiments was performed with 10 operators ranging between 25 and 45 years, who were trained to operate the system. The training consisted in first asking the operators to teleoperate a simulation platform (ARIA's MobileSim) within a free environment using direct teleoperation without time delay. After that they practiced by executing the experiment's main task of bringing the simulated robot from point (0,0) to the circular objective region at (5,0) with a radius of 0.35 m and passing between two obstacles. The task was repeated 10 times for each one of the operators. The experiments consisted in repeating the main task used for training using and not using the proposed assisted teleoperation system but driving a real Pioneer 3DX mobile robot. Each case was tested with and without time delay, yielding four experiments. Table I shows the mean values and the standard deviations of the execution times required to complete the task. From the information on the table, it can be observed how the proposed assistance system helps improving the execution time of the teleoperation task in the presence of time delay. The table also shows the mean values and standard deviations of the "relative correlations," where the term "relative correlation" refers in this work to the Pearson 1 correlation between the curve described by the robot when directly teleoperated without time delay and that obtained during the remaining three teleoperation experiments. The table also reveals that in the presence of time delay, compared to direct teleoperation by using the proposed scheme, the system will show a more similar behavior to that achieved under favorable conditions.
It is important remark that when using direct teleoperation, sometimes collisions occurred; even when no time delay was present (this was due to the lack of dexterity or errors by the operators). On the other hand, using the proposed assisted teleoperation, a collision-free motion was reached by all operators.
Finally, to evaluate the effects of the emulated move-andwait, an additional experiment was performed. By using the same setup as in experiments 1 and 2, the operator had to drive the robot from position (0,0) to the goal region centered at (5, 0) in the presence of a varying forward time delay of D(t, 0.5, 0.5) s and constant backward time delay of 0.5 s. The experiment was divided into three tasks, one using direct teleoperation, one using assisted The only use of the assistance function (prediction/planning with no command sampling) already produces a positive effect in the security of the teleoperated system. The emulated "move-and-wait" helps improving the performance of the system, which is reflected in a smoother curve.
teleoperation, and the last one with assisted teleoperation but deactivating the command-sampling module. One additional task was performed with direct teleoperation and no time delay for reference. The resulting paths can be seen in Fig. 12 , where the negative effects of the time delay, present in the direct teleoperation, are drastically reduced by the inclusion of the assistance module. When using the complete assisted teleoperation, the trajectory becomes smoother. In addition, the fully assisted teleoperation avoids a possible accumulation of undesired commands. For example, Fig. 12 shows that the robot with fully assisted teleoperation turns right and later to left earlier than it with assisted teleoperation since the accumulation of commands in straight line is reduced.
Conclusions
In this paper, an enhanced teleoperation system for timedelayed mobile robots is presented. Two enhancements were incorporated in the path-planning module: the use of a waypoint cache and the online tuning of the correlation weights. The system is applied to teleoperation of a mobile robot with variable time delay considering the goal unknown and the environment partially structured. The strategy uses a path planner, a predictor with variable sampling time and a motion controller, all of them situated on the remote site in order to help the user driving a mobile robot in the presence of time delay. Experimental results showed the good performance of the system with different time delays. They also illustrate the benefits of assisting the operator by the use of path planning and prediction techniques. The experimental results have shown a stable behavior of the mobile robot for different time delays when the control scheme is used. In this work, a successful integration of the human and a control system was achieved. As a future work, the system could be tested in a telemanipulation system. Another possible enhancement could be its adaptation to outdoor systems and integration with three-dimensional environment acquisition sensors.
